ABSTRACT Despite the general view that patients with sickle-cell disease (SCD) have iron overload, there are reports of iron deficiency in a proportion of these patients. We studied Yemeni patients aged 1-30 years with homozygous SCD to determine their iron status using a set of 4 criteria (low serum iron, low transferrin saturation, high total iron binding capacity and low mean corpuscular volume for age). Of the 75 patients, 44 had never been transfused while 31 patients had received blood transfusions but not during the 3-month period prior to the study. Of the patients, 10 (13.3%) met the criteria for iron deficiency, 9 of whom were from the non-transfused patients (20.5%). The sensitivity and specificity were 40% and 98% respectively for reticulocyte count and 80% and 90% respectively for reticulocyte index. We recommend screening non-transfused SCD patients for iron deficiency. Anémie ferriprive chez des patients yéménites atteints de drépanocytose RÉSUMÉ En dépit de l'idée communément admise selon laquelle les patients atteints de drépanocytose souffrent d'une surcharge en fer, certains d'entre eux sont atteints d'une anémie ferriprive. Nous avons examiné des patients yéménites âgés de 12 mois à 30 ans atteints de drépanocytose homozygote afin d'établir leur bilan en fer à l'aide de quatre critères (taux de fer sérique faible, taux de saturation de la transferrine faible, capacité totale de fixation du fer élevée et volume globulaire moyen faible par rapport à l'âge). Sur 75 patients, 44 n'avaient jamais été transfusés, 31 avaient reçu des transfusions sanguines mais pas dans les trois mois précédents l'étude. Parmi les patients, 10 (13,3 %) ont reçu le diagnostic d'anémie ferriprive, dont 9 appartenaient au groupe de patients n'ayant jamais été transfusés (20,5 %). La sensibilité et la spécificité étaient de 40 % et 98 % respectivement pour la numération des réticulocytes et de 80 % et 90 % respectivement pour l'indice de production des réticulocytes. Nous recommandons le dépistage de l'anémie ferriprive chez les patients drépanocytaires n'ayant jamais été transfusés.
Introduction
It is generally believed that patients with severe inherited haemolytic anaemia have a state of iron overload, owing to increased bioavailability of iron from haemolysed red blood cells (RBCs), blood transfusions and increased iron absorption in the gut in haemolysis [1] . Therefore in sickle-cell disease (SCD), microcytosis-defined by low mean corpuscular volume (MCV) and low mean corpuscular haemoglobin-indicates an association with α-and β-thalassaemia rather than iron deficiency [2, 3] . In this context iron deficiency is considered unlikely and prescription of iron preparations to these patients is commonly avoided in clinical practice.
Iron deficiency is considered the leading cause of anaemia worldwide, especially in children and adult women [4] [5] [6] . In countries with low socioeconomic status iron deficiency is common [4, 7] and the higher iron requirements in growing children are jeopardized due to factors such as low dietary intake of iron and high helminth burden. Patients with SCD may have similar conditions and in addition may have excessive urinary loss of iron [3] . The identification of iron deficiency in SCD is important, particularly in growing children, as it contributes to the severity of anaemia [3] and has negative consequences on a child's physical and mental development [8] . Worldwide, few studies have been performed on iron status in SCD and none in Yemen. The present study was conducted to determine the iron status of Yemeni patients with SCD. Of the 75 patients 44 had never been transfused while 31 patients had previously received blood transfusions but not during the 3-month period prior to obtaining blood samples and inclusion in the study.
Methods

Patients
Data collection
The diagnosis of SCD was established by haemoglobin electrophoresis using cellulose acetate paper pH 8.2 as the screening method [9] and confirmed by high-performance liquid chromatography (Bio-Rad D10 Herculis) [10] . Haematological parameters were determined using a Coulter counter (Sysmex KX-21N). Serum iron level and iron binding capacity were determined colorimetrically (Spinreact kits) and the saturation-precipitation method was used for total iron binding capacity (TIBC).
The reticulocyte count was determined from prepared smears after staining of blood with methylene blue and reported as the percentage of circulating RBCs [1] . The reticulocyte index is the reticulocyte count corrected for haemoglobin according to the following formula:
Reticulocyte index = (% reticulocytes × patient's Hb)/normal Hb In anaemic patients a reticulocyte index ≥ 3 indicates an appropriate bone marrow response as in blood loss or haemolysis, while a reticulocyte index ≤ 2 is usually taken to indicate inadequate bone marrow response (hypoproliferation). In our study we used the more rigid criterion of < 1 for diagnosis of impaired erythropoiesis and for calculating the sensitivity and specificity compared with the other criteria used in the diagnosis of iron deficiency. and low MCV for age: 0.5-2 years < 70 fL, 2-5 years < 73 fL, 5-9 years < 75 fL, 9-14 years < 76 fL, 14-18 years < 77 fL, 18+ years < 80 fL [11] . Serum ferritin was not included because at the time of the study suitable assays were unavailable in the laboratories of the Faculty of Medicine and it was expensive to perform at private laboratories.
Statistical analysis
Student t-test and 1-way analysis of variance were used to compare means. Statistical significance was accepted when P values were < 0.05. Data analysis was made on a personal computer using SPSS, version 15.0.
Results
The initial laboratory data of all 75 patients, divided into 2 groups according to transfusion history in the transfused and non-transfused group are shown in Table 1 . There were no statistically significant differences between the groups in any of the parameters measured.
Of the total 75 patients 10 (13.3%) (6 males and 4 females) met the criteria for iron deficiency. The age, haematological and biochemical data of these iron-deficient patients are shown in Table 2 . Of these 10 patients 9 were from the non-transfused group (n = 44, 20.5%) and only 1 was from the transfused group (n = 31, 3.2%). The patient identified with iron deficiency from the transfused group was a female, aged 25 years with 3 pregnancies (case 9). She had a transfusion history of 2 units of blood on 2 different occasions, but the amount of iron given by transfused blood was judged to be too little to have influenced her iron status significantly.
The mean values of age and the haematological and biochemical parameters of the 10 iron-deficient and 65 non-iron-deficient patients (30 with and 35 without transfusion history) are shown in Table 3 . The age of iron deficiency patients ranged from 5 -30 years with a mean of 16.3 years. The reticulocyte count in the irondeficiency patients ranged from 0% to 7% with a mean of 2.5% (Table 3) and the calculated reticulocyte index, corrected for haemoglobin, ranged between 0 and 2.10 with a mean of 0.66. The mean value of the reticulocyte count of the iron-deficient patients (2.5%) was significantly lower than those of the non-iron-deficient patients (9.7% in the non-transfused and 12.5% in the transfused group) (P < 0.05).
There were no statistically significant differences in the mean haemoglobin level between the iron-deficient and non-iron-deficient patients (P = 0.234). The mean reticulocyte count, MCV, serum iron and TS levels were significantly lower in iron-deficient patients than in non-iron-deficient patients (non-transfused and transfused) (P < 0.05) and the mean TIBC was significantly higher in iron-deficient than in non-iron-deficient patients (P < 0.001).
The sensitivity and specificity of the reticulocyte count and reticulocyte index compared with our 4 criteria for the diagnosis of iron deficiency in SCD patients are shown in Table 4 . Using a more rigid criterion for diagnosis of impaired erythropoiesis (cut-off < 1%) the reticulocyte count showed a sensitivity of only 40% and the reticulocyte index showed a sensitivity of 80%. Meanwhile the specificity of both reticulocyte count and reticulocyte index were as high as 98% and 90% respectively.
Discussion
Although the medical literature tends to support the view that patients with SCD have iron overload [12, 13] , there are contrary reports that describe iron deficiency in a proportion of these patients [2] [3] [4] 7, 14] . The diagnosis of iron deficiency in patients with SCD is difficult because there is no highly specific test to define iron status in such patients [4, 15] , and as the reliability of the conventional laboratory tests used for the diagnosis of iron-deficiency anaemia may be modified by SCD as well as by other factors such as inflammation and age [4] . Therefore it has been proposed that the use of a battery of tests to define iron status in a population improves the precision in diagnosis of iron-deficiency anaemia [4, 15] . In our study we used 4 criteria to identify iron deficiency in 44 non-transfused and 31 transfused homozygous SCD patients: low serum iron, low TS, high TIBC and low MCV for age. A total of 10 patients (13.3%) met the criteria for iron deficiency. As 9 of these were from the non-transfused group, the rate of iron deficiency among the 44 patients without transfusion history was 20.5%. Iron deficiency in SCD patients was reported in other studies from different regions of the world. King et al. from Jamaica, using similar criteria for diagnosis as ours, identified iron deficiency in 8.5% of non-transfused SCD children aged 1-5 years [4] . Das et al. from India reported iron deficiency in 23% of SCD patients [16] , which is very close to our result. Meanwhile Mohanty et al. also from India, in a population-based study using the zinc protoporphyrin/haem ratio (ZPP/ haem) for diagnosis, reported 67.7% iron deficiency in SCD non-transfused patients [7] , which is much higher than our rate and also higher than the 23% rate previously reported from the same country [16] . In Nigeria, Okeahialam found depletion of iron stores in the bone marrow in 47% and low serum iron in 31% of patients with SCD [14] . Finally, Vickinsky et al. in the United States [3] and Rao Nagaraj and Sur in India [17] found iron deficiency in SCD in 16% and 8% of patients respectively. Different criteria were used for diagnosis of iron deficiency in these studies, ranging from using a single criterion such as iron stores in the bone marrow [14] or ZPP/haem [7] to using a combination of tests such as low MCV, serum iron, TIBC and TS [4] . This highlights the fact that there is not yet an agreed diagnostic marker for iron deficiency in SCD [4, 15] . In the present study, because we diagnosed a state of iron deficiency if all 4 criteria were fulfilled, it is possible that some patients with iron deficiency who did not meet these criteria were misclassified as non-irondeficiency (false negative) and some patients with α-and β-thalassaemia were included in the iron-deficiency group (false positive). However, the risk of misclassification has no influence on the general conclusion that a state of iron deficiency may exist among nontransfused patients with SCD, and that this should be screened for and treated if demonstrated, regardless of haemoglobin level, because the haemoglobin level is usually low in SCD patients.
The reticulocyte count in our iron deficiency patients ranged from 0% to 7%, with a mean of 2.5%, and the calculated reticulocyte index corrected for haemoglobin ranged between 0 and 2.10, with a mean of 0.66. This is a sign of impaired erythropoiesis, which is known to be associated with many conditions including iron, folate and vitamin B12 deficiency and, when MCV is low for age, the reduced reticulocyte count/ index supports the diagnosis of iron deficiency in our patients. The mean reticulocyte count in iron-deficiency patients in our study was significantly lower than in non-iron-deficient transfused and non-transfused patients (P < 0.002). The reticulocyte count and the reticulocyte index are therefore important tests that should be considered in the evaluation of SCD patients, and when these are low in the presence of low MCV it is very suggestive of iron deficiency.
The sensitivity and specificity compared with the criteria used for the diagnosis of iron deficiency were 40% and 98% respectively for reticulocyte count and 80% and 90% respectively for reticulocyte index. This relatively low sensitivity in relation to specificity is expected with the rigid criteria used for diagnosis of bone marrow hypoproliferation. Therefore the low sensitivity of 40% for reticulocyte count was increased to 80% by using the reticulocyte index (i.e. correcting for Hb) and the sensitivity of these tests may be further increased if a less rigid definition of bone marrow hypoproliferation were used (cut-off < 2) as is the case for anaemic patients in the clinical setting.
The age of iron deficiency patients ranged from 5 and 30 years with a mean of 16.3, indicating that iron deficiency may be found in small children as well as in older children and in adults. This suggests that age has no predictive value for iron deficiency, which agrees with reports from other authors [2, 7] but not with the results of Vichinisky et al. in their case series in which all diagnosed iron deficiency patients were less than 5 years old [3] . They also established the diagnosis of iron deficiency in 6 SCD patients following a response to a trial of oral iron therapy after initial screening for iron deficiency by the conventional laboratory tests such as RBC indices, serum iron, TIBC, TS and serum ferritin.
Oral iron therapy trial may constitute a practical way for confirmation of iron deficiency in non-transfused SCD patients and may be clinically useful in poor countries such as Yemen where SCD is prevalent in some regions of the country [18] and many specialized diagnostic tests are unavailable or expensive. A trial of oral iron therapy is the subject of an ongoing study in our department.
Conclusions and recommendations
A state of iron deficiency may be present in SCD patients particularly in those without a history of blood transfusion. Therefore we recommend that nontransfused patients with SCD should be screened for iron deficiency by a battery of conventional laboratory tests.
